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Dendritic GABA Release Depresses Excitatory
Transmission between Layer 2/3 Pyramidal
and Bitufted Neurons in Rat Neocortex
are relatively small in amplitude and long lasting (aver-
age decay time constant is about 400 ms at 348C) be-
cause of the high endogenous Ca21 buffer capacity
(K. M. M. K. et al., unpublished data). One question
related to this observation is whether and how the activ-
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D-69120 Heidelberg ity-dependent rise in dendritic [Ca21]i modulates the effi-
cacy of the glutamatergic synapses between pyramidalFederal Republic of Germany
and bitufted cells. Synaptic contacts are located on bi-
tufted cell dendrites, and the rise in dendritic Ca21 could
influence the feedback loop between pyramidal and bi-Summary
tufted cells.
The pyramid-to-bitufted cell synapses have a rela-GABAergic, somatostatin-containing bitufted inter-
tively low release probability, as judged from the fre-neurons in layer 2/3 of rat neocortex are excited
quent failures of pyramidal cell APs to evoke excitatoryvia glutamatergic excitatory postsynaptic potentials
postsynaptic potentials (EPSPs) (Reyes et al., 1998).(EPSPs) by pyramidal neurons located in the same
Thus, they constitute a favorable synapse to discerncortical layer. Pair recordings showed that short
presynaptic from postsynaptic mechanisms of synapticbursts of backpropagating dendritic action potentials
modulation.(APs) reduced the amplitude of unitary EPSPs. EPSP
We investigated the short-term effect of a train ofdepression was dependent on a rise in dendritic
bitufted cell dendritic APs on the size of unitary EPSPs.[Ca21]. The effect was blocked by the GABAB receptor
The results suggested that elevated dendritic [Ca21]i(GABAB-R) antagonist CGP55845A and was mimicked by
evoked the release of a retrograde messenger, mostthe GABAB-R agonist baclofen. As presynaptic GABAB-
likely GABA, from dendrites. GABA activated GABAB-RsRs were activated neither by somatostatin nor by
located on the glutamatergic nerve terminals of pyrami-GABA released from axon collaterals of the bitufted
dal cells, causing a reduction of glutamate release.cell, we conclude that GABAB-Rs were activated by
a retrograde messenger, most likely GABA, released
Resultsfrom the dendrite. Because synaptic depression was
prevented by loading bitufted neurons with GDP-b-S,
Synaptic Depression Induced by Backpropagatingit is likely to be caused by exocytotic GABA release
APs or Membrane Depolarizationfrom dendrites.
All experiments were performed in unitary connections
between pyramidal and bitufted cells (Reyes et al., 1998)Introduction
under two conditions (see Figure 10): unitary EPSPs
were evoked in bitufted cells by one or two pyramidalCortical bitufted interneurons which are GABAergic and
cell APs in the control or 250 ms following a conditioningcontain the cotransmitter somatostatin (Reyes et al.,
burst of APs in the bitufted cell. The mean EPSPs were1998) are located predominantly in supragranular layers
reduced after the postsynaptic conditioning train of APs.2/3 and layer 4 and are the target cells for excitatory
In Figure 1A, the EPSP amplitudes are plotted as a func-axon collaterals of pyramidal neurons (Markram et al.,
tion of time in control and with conditioning. The mean1998; Reyes et al., 1998). Frequency-dependent facilita-
EPSPs during the time intervals indicated are shown astion is characteristic for the glutamatergic pyramidal-
horizontal lines and at the top of Figure 1A. Reductionto-bitufted cell connections (Markram et al., 1998; Reyes
of EPSPs began rapidly during conditioning and reachedet al., 1998). Axon collaterals of bitufted cells project
a steady-state level within 5±7 min. When the condition-back to pyramidal cells; thus, these neurons often form
ing AP trains were stopped, the EPSP amplitude recoveredreciprocal connections (Reyes et al., 1998). The elon-
to control within a few minutes. Repeating the condition-gated dendritic arbors of bitufted cells spanning the
ing resulted again in a reduction of EPSP amplitude. Inentire cortex suggest that bitufted interneurons receive
20 pyramid-to-bitufted cell connections, conditioninginput from all cortical layers and that they can control
caused a significant reduction of average unitary EPSPsthe excitability of cortical columns (Peters and Harriman,
to 57% 6 16% (p , 0.0005) of the control value. The1988; Somogyi et al., 1998).
coefficient of variation increased during conditioningIn bitufted neurons, backpropagating action poten-
and was 1.27 6 0.22 and 1.43 6 0.13 (p , 0.01, n 5tials (APs) evoke a transient dendritic Ca21 inflow that
20) in control and after conditioning, respectively. Theincreases in amplitude with the rate and number of APs
decrease in mean EPSP amplitude was accompaniedand is detected in the entire dendritic arbor (K. M. M. K.
by an increase of the probability of failure (P[0]); i.e.,et al., unpublished data). The dendritic Ca21 transients
the probability of the presynaptic AP evoking an EPSP
(Figure 1A, bottom). Thus, the reduction of mean EPSP
* To whom correspondence should be addressed at the Karolinska
amplitudes and the increase in the failure rate evokedInstitute, Department of Neuroscience, Division of Neuroanatomy
by a train of APs in the postsynaptic neuron representsand Brain Development, Berzelius vaÈ g 3, plan 5, S-17177 Stockholm,
Sweden (e-mail: yuri.zilberter@neuro.ki.se). a novel form of short-term synaptic modulation.
Neuron
980
reduction of excitatory postsynaptic current (EPSC) am-
plitudes (Figure 1B), comparable to that seen for EPSPs.
In eight connections, the mean EPSC amplitudes were
reduced to 47% 6 9.5% (p , 0.03) of the control, con-
comitant with an increase in the failure rate (not shown).
The kinetics of depression development during condi-
tioning could not be measured in a single experiment.
For its evaluation, in each connection EPSPs during
conditioning were normalized to the mean EPSP value
in control and then were averaged in 20 cell pairs (see
open circles in Figure 1C). In the pooled data, the aver-
age value of EPSPs during the first minute of condition-
ing was 73% 6 19% of control (p , 0.001) and differed
significantly (p , 0.02, unpaired t test) from the average
value of EPSPs during the last minute of conditioning
(55% 6 18% of control; see closed circles in Figure
1C). Thus, the pooled data reveal two stages in the
development of depression: fast initiation of the depres-
sion during the first minute of conditioning followed by
a relatively slow increase.
Collectively, these results suggest that this form of
depression at the pyramid-to-bitufted cell synapse is
caused by a reduction of glutamate release from pyrami-
dal cell terminals.
[Ca21] Dependence
The mechanism underlying the depression at the pyra-
mid-to-bitufted cell synapse by conditioning postsynap-
tic dendritic APs could be dependent on a rise of den-
dritic Ca21 influx. This view was supported by the
observation that the fast acting Ca21 buffer BAPTA (5
mM), when loaded into the bitufted cell, prevented de-
pression of EPSPs by conditioning. In nine connections,
the mean EPSP amplitude was not significantly different
from the control without BAPTA (103% 6 13% of control,
p , 0.6). The slowly acting Ca21 buffer EGTA (5 mM)
also prevented the reduction of EPSPs by conditioning
APs (106% 6 22% of control, n 5 5, p , 0.7).
When the number of bitufted cell APs during condi-
tioning was reduced from ten to four, the reduction of
mean EPSP amplitudes was smaller (77% 6 11% of
Figure 1. Depression of EPSPs and EPSCs in Bitufted Neurons by control, n 5 10, p , 0.002), supporting the view that
Conditioning
synaptic depression induced by postsynaptic APs was
(A) EPSP amplitudes in control (open circles) and with conditioning dependent on the elevated level of dendritic Ca21.(ten APs, closed circles). Horizontal lines represent the amplitude
Fluorescence measurements of dendritic Ca21 tran-of mean EPSPs during corresponding time intervals. These EPSPs
sients with fura-2, loaded via the recording pipette intoare also shown at the top. Probability of failures, P(0), during the
same time intervals is given at the bottom. the bitufted neuron, showed that dendritic Ca21 in-
(B) EPSC amplitudes in control (open circles) and with conditioning creased above the resting value (D[Ca21]i) by about 400
(closed circles). Three 100 ms depolarizing pulses (2 Hz) from the nM during the 10 AP train (Figure 2A) and by about 1.5
holding potential (267 mV, equal to the cell resting potential) to 0
mM during the depolarizing voltage clamp pulses. In themV were applied for conditioning. Horizontal lines represent the
presence of a high concentration of exogenous Ca21mean amplitude of unitary EPSCs during the corresponding time
buffer (250 mM fura-2 plus 4.75 mM BAPTA), loadedintervals (also shown at the top).
(C) Kinetics of conditioning-induced synaptic depression. At each via the postsynaptic recording pipette, dendritic Ca21
experiment, EPSPs during conditioning (10 AP trains) were normal- transients evoked by the 10 AP train were strongly re-
ized to the mean EPSP amplitude in control. These EPSPs collected duced, with a peak amplitude of about 40 nM.
from 20 cell pairs were averaged (open circles). Then, the EPSPs Figure 2B shows the dependence of the reduction ofwere averaged within each minute as indicated by the closed circles.
EPSPs on the peak dendritic D[Ca21]i during condition-
ing. When D[Ca21]i was 40 nM or lower, the mean EPSP
amplitude was on average not significantly different fromOne way in which mean unitary EPSPs could be re-
duced by conditioning is a voltage-dependent modula- the control value. The threshold D[Ca21]i for the induction
of EPSP depression was in the range of 40±100 nM. Thetion of EPSPs. However, brief epochs (100 ms) of mem-
brane depolarization preceding synaptic stimulation depression mechanism triggered by the conditioning
train of APs saturated at the dendritic D[Ca21]i of aboutunder voltage clamp of the bitufted neuron also caused
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Figure 3. Probability of EPSP Failures and Paired-Pulse Facilitation
Figure 2. Dependence of EPSP Depression on Dendritic [Ca21]i during Conditioning
(A) Example of a dendritic Ca21 transient (lower trace) induced by (A) Failure probability P(0) measured in different cell pairs before
the 10 AP conditioning train (upper trace) in a bitufted cell. and during conditioning (top); similar experiments with 5 mM BAPTA
(B) Ca21 transients were evoked by the 4 or 10 AP trains, by the 100 or EGTA loaded into bitufted cells (bottom).
ms depolarizing pulses from the cell resting potential to 0 mV under (B) Paired-pulse facilitation measured in different cell pairs before
voltage clamp conditions, and by the 10 AP trains in the presence and during conditioning.
of 5 mM exogenous Ca21 buffer (4.75 mM BAPTA 1 0.25 mM fura-2).
Concentration±response dependence was fitted with the function:
f(c) 5 fmax*/(1 1 K/c), where c is the increase in dendritic Ca21 concen-
tration, fmax 5 63.5 (maximal EPSP reduction), and K 5 264 nM (half- in control and with conditioning, 0.55 6 0.17 and 0.54 6
maximal effective [Ca21]i). 0.17, respectively (Figure 3A, bottom). Second, paired-
pulse facilitation of EPSPs evoked by presynaptic APs
separated by an interval of 50 ms was increased by1 mM, whereas the mean EPSP amplitude was reduced
conditioning (Figure 3B), rising from 229% 6 75% toby about 55% of the control. The half-effective rise in
300% 6 110% (n 5 14, p , 0.0003). These results sug-dendritic D[Ca21]i was about 200 nM.
gested that the conditioning train of dendritic APs gener-
ated a retrograde signal that was released from thePre- or Postsynaptic Site of Depression
bitufted neuron. This signal either inhibited presynapticThese results indicated that the reduction of EPSPs in
glutamate release or prevented pyramidal cell APs tobitufted neurons by dendritic APs was initiated by an
propagate reliably into the nerve terminals.increase in dendritic [Ca21]i. Two lines of evidence sug-
gested, however, that the reduction of EPSP amplitudes
was based on a mechanism located in the nerve termi-
Effects of GABAB-R Antagonist and Agonistnals of presynaptic pyramidal cells. First, in all experi-
Since the postsynaptic bitufted neurons were GABAer-ments, the probability of a failure (P[0]) of a presynaptic
gic and also contained somatostatin (Reyes et al., 1998),AP to evoke an EPSP was increased by conditioning.
we tested whether GABA and/or somatostatin of bi-In 19 connections, P(0) was 0.47 6 0.2 in control and
tufted cells could function as a retrograde messenger0.59 6 0.21 during conditioning (p , 0.0001; Figure 3A,
acting on the pyramidal cell nerve terminals. CGP55845Atop left). The top right of Figure 3A illustrates the distribu-
is a potent and specific antagonist of GABAB-Rs (Daviestion of relative increase in P(0) measured in each cell
et al., 1993). Added to the bath solution, CGP55845A (1pair. In 13 connections, when BAPTA or EGTA was
loaded into the postsynaptic cell, P(0) was comparable mM) prevented the reduction of unitary EPSPs evoked by
Neuron
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Figure 5. Activation of GABAB-Rs Does Not Impede AP Propagation
to Presynaptic Terminals
(A) Amplitude of EPSPs increased when the presynaptic stimulationFigure 4. Activation of GABAB-Rs Underlies Reduction of EPSPs
frequency increased from 0.2 Hz to 2 or 3 Hz under control condi-Amplitude
tions.(A) In the presence of GABAB-R antagonist CGP55845A (1 mM),
(B) In the presence of baclofen, the amplitude of EPSPs was stronglyEPSPs were not reduced by conditioning. Horizontal lines indicate
reduced at 0.2 Hz stimulation. Increased presynaptic stimulationthe mean EPSP amplitudes. Note the increase of EPSP amplitude
frequency (from 0.2 Hz to 2 or 3 Hz) also increased EPSP amplitude.during conditioning.
(B) GABAB-R agonist baclofen (100 mM) caused almost complete
and reversible inhibition of EPSPs.
GABAB-Rs on the nerve terminals of presynaptic pyrami-
dal cells.the conditioning AP train (Figure 4A). Moreover, EPSPs
increased during conditioning and further increased
after termination of the AP trains. In seven connections, Activation of GABAB-Rs Does Not Block
Presynaptic AP Propagationthe mean EPSP amplitude during conditioning was
slightly increased (to 112% 6 21%, not significant, p , The reliability of transmission in pyramidal-to-bitufted
cell connections was strongly dependent on the presyn-0.3; see Figure 8). Upon return to the control, the ampli-
tude of mean EPSPs was increased to 168% 6 33% of aptic stimulation frequency. Under control conditions,
a decrease in the number of failures was always observedthe control value (p , 0.006).
Baclofen (100 mM), a specific GABAB-R agonist, added at stimulation frequencies higher than 0.5 Hz. Presum-
ably, frequency-dependent facilitation begins at fre-to the bath solution reversibly inhibited synaptic trans-
mission (Figure 4B). The onset of the blocking effect quencies of about 0.5 Hz in these synapses. Figure 5A
shows an experiment in which the increase in frequencywas rapidÐwithin 2 or 3 minÐwhereas the recovery
during washout of baclofen took tens of minutes. of the pyramidal cell stimulation from 0.2 Hz to 2 Hz or
3 Hz resulted in a significant increase in the mean EPSPThe effects of GABAB-Rs are mediated via activation
of G proteins (reviewed by Wu and Saggau, 1997). To amplitude. To exclude the possibility that baclofen
causes a block of AP propagation into nerve terminals,further distinguish between a possible pre- and postsyn-
aptic mechanism causing reduction in EPSPs, GDP-b-S we measured the frequency-dependent facilitation in
the presence of baclofen.(0.6 mM) was included in the postsynaptic recording
pipette. Loading bitufted neurons with GDP-b-S did not Figure 5B shows that baclofen caused almost com-
plete block of synaptic transmission at 0.2 Hz stimula-prevent the inhibition of synaptic transmission by baclo-
fen (to 8% and 7% of control, n 5 2), indicating that tion of the pyramidal neuron. A 10-fold or more increase
of stimulation frequency (to 2 Hz or 3 Hz) reduced theGABAB-Rs were located on the presynaptic pyramidal
neurons, possibly on their nerve terminals. GDP-b-S failure rate, indicating that block of AP propagation into
the terminals is unlikely to underlie the effect of GABAB-Rloaded into the presynaptic pyramidal neuron rapidly
blocked evoked EPSPs (to 9% 6 7% of control, n 5 4). activation described above. Indeed, at 0.2 Hz stimula-
tion, P(0) increased from 0.48 in control to 0.96 in theTaken together, these results imply that depression
in the pyramid-to-bitufted cell synapses induced by den- presence of baclofen (not shown). If the increase in P(0)
was caused by a conduction block of APs, it was unlikelydritic APs in bitufted neurons is caused by activation of
Retrograde Signaling in Glutamatergic Synapses
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Figure 6. Intracellular EGTA Prevents Re-
duction of EPSPs by Conditioning While Not
Affecting GABA Release from the Bitufted
Cell Axon Terminals
(A) Schematic representation of reciprocally
connected pyramidal (P) and bitufted (B)
cells. EGTA (5 mM) was loaded in the bitufted
cell through pipette P2.
(B) Mean IPSPs (25 sweeps) were measured
in the pyramidal cell by pipette P1 during the
time interval indicated by arrows and corre-
sponding to the lower time axis. The IPSPs
are depolarizing due to the elevated Cl2 con-
centration (20 mM) in the pipette solution of
P1. Horizontal lines in the graph below show
the mean EPSP amplitudes recorded in the
bitufted cell. Closed circles correspond to
EPSPs measured after conditioning (10 AP
trains).
that failures would decrease (P[0] was 0.36 at 3 Hz stimu- conditioning (to 41% 6 9.6% of control, n 5 3). One
could suggest that depolarizing voltage steps appliedlation) in the presence of baclofen. More likely, activation
of GABAB-Rs caused a decrease in presynaptic Ca21 at a soma during conditioning partially (passively) propa-
gated to the axon terminals. In three reciprocal connec-influx into nerve terminals during each AP, decreasing
transmitter release. At higher stimulation frequencies, tions, however, QX-314 completely blocked activation
of inhibitory postsynaptic potentials (IPSPs) in pyramidalsynaptic transmission might be restored due to presyn-
aptic frequency-dependent facilitation. cells during application of conditioning depolarization
in bitufted cells, suggesting that the local anesthetic
prevented voltage propagation along the axon.Somatostatin Does Not Activate GABAB-Rs
Second, EGTA (5 mM) loaded into bitufted cells pre-Cortical bitufted interneurons contain somatostatin
vented the EPSP depression by conditioning trains of(Reyes et al., 1998), and a somatostatin-dependent
APs while not affecting the size of unitary IPSPs re-downregulating effect on GABAB-Rs has been reported
corded in pyramidal cells (n 5 5). Figure 6A shows one(Greene and Mason, 1996). In three connections, so-
experiment in which a pyramidal and a bitufted cell werematostatin (2.5 mM) added to the bath solution reduced
reciprocally connected. The bitufted cell was loadedthe mean EPSP amplitude (57% 6 24% of control value).
with EGTA, and IPSPs in the pyramidal cell were mea-In two of these experiments, somatostatin was coap-
sured without and with conditioning (Figure 6B). EPSPplied with the GABAB-R antagonist CGP55845A (1 mM),
amplitudes were not reduced by conditioning, evenwhich prevented the depression induced by condition-
though IPSPs were unaltered. This indicates that AP-ing (see above). In both experiments, somatostatin
induced reduction of EPSPs was prevented by the EGTAblocked EPSPs (to 81% and 36% of control), implying
in dendrites of the bitufted cell, whereas GABA releasethat the action of somatostatin was not mediated by
from the axon terminals of the same bitufted cell wasCGP55845A-sensitive GABAB-Rs. The blocking effect
unaffected by EGTA. Meanwhile, in three reciprocal con-of somatostatin on EPSPs may be explained by direct
nections, we did not find a significant difference in thesomatostatin-induced inhibition of presynaptic Ca21
mean IPSPs evoked in pyramidal cells by the 10 APchannels (Wang et al., 1990; Viana and Hille, 1996;
trains in bitufted cells in control and in the presence ofBoehm and Betz, 1997). Taken together, these results
EGTA: the mean IPSP amplitudes in response to themake a contribution of somatostatin released from den-
first AP in the train were 2.57 6 2.02 mV and 2.68 6drites to the GABAB-R-dependent reduction of EPSPs
2.05 mV, respectively; the ratios of the last IPSP in theunlikely.
train to the first one were 18.5% 6 14.8% and 18.9% 6
15.2%, respectively. This suggests that GABA releaseSite of GABA Release
from axon terminals was also unaffected during the con-There are at least two ways to account for a rise of
ditioning protocol.GABA concentration in the synaptic cleft evoked by
We conclude that the rise in dendritic Ca21 causedpostsynaptic APs. GABA is released either from the den-
GABA release from the dendrite acting on presynapticdrite or from axon collaterals of the bitufted interneuron,
GABAB-Rs.which might innervate pyramidal cells close to their axon
terminals. The latter possibility is unlikely for two rea-
sons. First, the local anesthetic QX-314 (2.5 mM) loaded Mechanism of GABA Release
GABA release from the dendrite may be caused by GABAto the bitufted cells prevented active propagation along
the axon, while EPSC depression was still induced by transporters (Attwell et al., 1993; Attwell and Mobbs, 1994)
Neuron
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Figure 7. GDP-b-S Prevents the Decrease of
EPSP Amplitude by Conditioning
(A) Schematic representation of reciprocally
coupled pyramidal (P) and bitufted (B) cells.
GDP-b-S (0.6 mM) was loaded in the bitufted
cell via pipette P2.
(B) Mean IPSPs (average of 25 sweeps) mea-
sured in the pyramidal cell during the time
interval indicated by arrows and correspond-
ing to the lower time axis. The mean ampli-
tude of EPSPs is indicated by the horizontal
lines. Closed circles correspond to EPSPs
measured after the conditioning (10 AP trains).
or by exocytosis of vesicular structures (Smith and Au- nM in control to 271 6 86 nM) when toxin was loaded
into the cell.gustine, 1988; SuÈ dhof, 1995; Zucker, 1996). The Ca21
dependence of synaptic depression argues against a Figure 8 represents the distribution of synaptic effi-
cacy modulation in different sets of experiments.transporter mechanism.
To validate this view, GDP-b-S was used to explore
the mechanism of dendritic GABA release. GTP-binding Discussion
proteins regulate vesicle docking and trafficking during
the exocytotic cycle (reviewed by SuÈ dhof, 1995, 1997; We describe a new mechanism that can modulate excit-
atory synaptic transmission in connections between py-Bean and Scheller, 1997; Bajjalieh, 1999). Loaded into
bitufted cells, GDP-b-S (0.6 mM) did not affect AP- ramidal and inhibitory interneurons in layer 2/3 of the
neocortex. It causes a relatively short-lasting reductionevoked dendritic Ca21 transients in amplitude and time
course (n 5 3), whereas it strongly reduced IPSPs re- of glutamatergic excitation of inhibitory bitufted neurons
when these cells are electrically active. This modulationcorded in pyramidal cells (14% 6 11% of control, n 5
4). At the same time, GDP-b-S also completely pre- is initiated by dendritic APs in bitufted neurons and is
mediated by a retrograde messenger, most likely GABA.vented the reduction of EPSPs by the conditioning train
of APs. Figure 7 illustrates an experiment in a reciprocal GABA causes a reduction in glutamate release from
pyramidal cell axon terminals via inhibition of presynap-connection between a pyramidal and a bitufted cell that
was loaded with GDP-b-S. Conditioning unexpectedly tic Ca21 channels in pyramidal cell nerve terminals. In
the following sections, we discuss alternative interpreta-caused a significant increase of EPSPs in the bitufted
cell (the mean EPSP increased to 170%) rather than a tions and possible functional implications of this highly
localized synaptic feedback.decrease, while IPSPs in the pyramidal cell were blocked
almost completely (Figure 7B). In nine connections with
GDP-b-S loaded into the bitufted cell, the EPSP was GABAB-Rs and Synaptic Depression
Depression of EPSPs by conditioning was caused byincreased by conditioning to 157% 6 59% of control
(p , 0.03). Neither paired-pulse facilitation of EPSPs nor activation of GABAB-Rs, since block of these receptors
by the specific antagonist CGP55845A completelythe failure rate differed significantly between control and
conditioning (302% 6 149% and 319% 6 172%, and blocked the effect of conditioning. This is also consis-
tent with the observation that the GABAB-R agonist66% 6 28% and 64% 6 29%, respectively).
To further distinguish between a transporter and an baclofen inhibited EPSPs. Two lines of evidence suggest
that these GABAB-Rs are located presynaptically. First,exocytotic mechanism of GABA release, we also loaded
botulinum toxin D light chain (0.5 mM) into the bitufted the failure rate and paired-pulse facilitation increased
during conditioning. Second, the block of a putativeneuron. Botulinum toxins are specific and potent inhibi-
tors of synaptic vesicle exocytosis (Montecucco and GABAB-R-mediated signal cascade in the bitufted cell
by loading with intracellular GDP-b-S did not preventSchiavo, 1994; Xu et al., 1998). However, botulinum toxin
D had an unspecific effect. In four bitufted cells, the the reduction of EPSP by bath-applied baclofen. Presyn-
aptic GABAB-Rs decreased glutamate release mostamplitude of dendritic Ca21 transients evoked by the 10
AP train decreased to 66% of control (from 407 6 157 likely by downregulating Ca21 channels in pyramidal cell
Retrograde Signaling in Glutamatergic Synapses
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Ca21-dependent protein kinases in the bitufted neuron
followed by phosphorylation of glutamate receptor
channel subunits. Phosphorylation and subsequent po-
tentiation of AMPARs by PKA and CaMKII were demon-
strated previously (Roche et al., 1994, 1996; Barria et
al., 1997).
Though we did not further investigate the mechanism
underlying the increase of EPSP, the results may sug-
gest that reduction of EPSP at a presynaptic site and
increase of EPSP at a postsynaptic site proceed simulta-
neously and that both are initiated by the dendritic APs.
Possibly, the balance between presynaptic EPSP de-
pression and postsynaptic EPSP potentiation deter-
mines the sign and amplitude of the resulting modulation
of synaptic efficacy by dendritic APs.
Dendritic GABA Release
Intracellular EGTA (5 mM) did not measurably affect
GABA release from the nerve terminals of bitufted cells,
whereas it prevented the reduction of EPSPs evoked by
dendritic APs. Meanwhile, QX-314 prevented voltage
propagation along the bitufted cell axon, while synaptic
depression was still induced by conditioning. This sug-
gests that GABA acting on the GABAB-Rs on pyramidal
cells is released directly from the dendrite rather than
Figure 8. Summary of Change in the Mean Amplitude of Unitary from an axon collateral. A contribution of GABA trans-
EPSPs by Conditioning porters to this dendritic release is unlikely because these
The control value is taken as 100%. The horizontal lines indicate transporters do not depend on a rise of [Ca21]i (Attwell
the mean EPSPs, which are: 57% 6 16% (p , 0.0005, n 5 20) for et al., 1993; Attwell and Mobbs, 1994). In addition, the
the 10 AP train conditioning; 77% 6 11% (p , 0.002, n 5 10) for the
effects of postsynaptic GDP-b-S, which prevented re-4 AP train conditioning; 47% 6 9.5% (p , 0.03, n 5 8) for the voltage
duction of EPSP amplitudes by conditioning, argues forclamp conditioning; 105% 6 44% (p , 0.7, n 5 14) for the 10 AP
train conditioning with 5 mM BAPTA (n 5 9) or EGTA (n 5 5) loaded exocytotic GABA release because GTP-binding proteins
into the bitufted cell; 112% 6 21% (p , 0.3, n 5 7) for the 10 AP are necessary for different steps of vesicle docking and
train conditioning with 1 mM CGP55845A in the bath solution; and trafficking (SuÈ dhof, 1995, 1997; Bean and Scheller, 1997;
157% 6 59% (p , 0.03, n 5 9) for the 10 AP train conditioning with Bajjalieh, 1999). GDP-b-S irreversibly inhibited neuro-
0.6 mM GDP-b-S loaded into the bitufted cell.
transmitter release in the squid giant synapse (Hess et
al., 1993). In neocortical synapses, GDP-b-S loaded to
the presynaptic neuron blocked excitatory transmissionnerve terminals. The inhibitory effect of GABAB-Rs via
a G protein±dependent pathway on P/Q and N types of between pairs of spiny stellate cells in layer 4 of the
barrel cortex (V. Egger, personal communication) andCa21 channels, which predominate in the terminals of
layer 2/3 pyramidal cells (A. Rozov et al., personal com- between pyramidal cells and interneurons in layer 2/3
(Y. Z., unpublished data). It also blocked the release ofmunication), is well documented (Wu and Saggau, 1995;
Chen et al., 1998; Harayama et al., 1998; Takahashi et GABA from bitufted cell nerve terminals (see Figure 8).
One possibility could be that GDP-b-S increases theal., 1998).
The fast initiation of synaptic depression during condi- amplitude of EPSPs directly modifying GluR channels
without interfering with the GABA release. If this wastioning is also consistent with the kinetics of presynaptic
inhibition mediated by GABAB-R activation (Isaacson et the case, one would expect an increase in failure rate
and paired-pulse facilitation during conditioning, which,al., 1993; Wu and Saggau, 1995; Dittman and Regehr,
1997; Takahashi et al., 1998). The mechanism of a slower however, was not observed.
In summary, the results suggest that the dendrites ofphase of depression during prolonged conditioning is
not clear yet and was not investigated in the present bitufted cells can release GABA by a mechanism that
has some properties comparable to those in the nervestudy. One possibility might be, for example, GABA ac-
cumulation due to a weak GABA uptake in glutamatergic terminals. Evoked terminal release, for example in retinal
bipolar cells, is, however, less sensitive to changes insynapses between pyramidal and bitufted cells.
[Ca21]i (Heidelberger et al., 1994). A Ca21-dependent exo-
cytosis with a sensitivity comparable to that describedPotentiation of EPSPs in the Absence
of GABAB-R Activation here has been reported by Huang and Neher (1996) for
the somata of dorsal root ganglion neurons and wasWhen GABAB-R activation was prevented either by ap-
plication of CGP55845A or by block of dendritic GABA suggested also to operate in large dense-core vesicle
exocytosis (see also Smith and Augustine, 1988). A simi-release by loading the cell with GDP-b-S, the condition-
ing AP train, unexpectedly, caused an increase of the lar high Ca21 sensitivity of exocytosis was also reported
for chromaffin cells (Augustine and Neher, 1992). EGTAmean EPSP amplitude. This potentiating effect of den-
dritic APs on EPSPs could be caused by activation of prevented dendritic GABA release, similar to its action
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who detected release of a false transmitter (acetylcho-
line) from isolated pyramidal neurons. Such nonterminal
exocytosis was also found in the somata of dorsal root
ganglion cells (Huang and Neher, 1996). Release of do-
pamine has been detected from somata of substantia
nigra neurons by amperometry (Jaffe et al., 1998). Thus,
dendritic release of GABA by Ca21-dependent exo-
cytosis of vesicular structures seems to be a likely possi-
bility to underlie the depression of EPSPs in the pyramid-
to-bitufted cell synapse.
Functional Significance
The results suggest that both the pre- and postsynaptic
compartments of a bitufted neuron, nerve terminals and
dendrites, can release GABA by an exocytotic mecha-
nism. Dendritic release provides an effective feedback
to adjust the excitatory input to bitufted cells dependingFigure 9. Dual Effect of GABA in Reciprocally Connected Pyramidal
and Bitufted Neurons on their excitation (Figure 9). On the other hand, bitufted
GABA is contained in vesicles in nerve terminals and dendrites of cell axon collaterals innervate pyramidal cells and re-
the bitufted neuron. Dendritic release of GABA reduces the excit- duce, via release of GABA from their terminals, the exci-
atory input to the inhibitory neuron by a feedback mechanism local- tation of pyramidal cells. Thus, within the microcircuits
ized to individual synaptic contacts. Bitufted cell axons innervate of reciprocally connected pyramidal and bitufted cells,the pyramidal cell and control via terminal release of GABA the
the GABA release from terminals and dendrites of bi-excitation of the pyramidal cell.
tufted cells has two opposite effects. Axonally initiated
APs in these cells propagate orthogradely into the arbor
on exocytosis in endocrine cells (Neher and Marty, of axon collaterals and reduce excitation of pyramidal
1982), dorsal root ganglion neuron somata (Huang and cells. At the same time, APs also backpropagate into
Neher, 1996), and dendrites of cultured hippocampal dendrites and reduce the excitation of bitufted cells by
neurons (Maletic-Savatic and Malinow, 1998). In CNS pyramidal cells. Thus, the level of excitation of neocorti-
nerve terminals, EGTA is less effective than BAPTA at cal pyramidal neurons is controlled by bitufted cells in
reducing evoked release (Borst and Sakmann, 1996; a dual way, and it will be necessary to delineate the
Ohana and Sakmann, 1998; see also Figure 7). Because relative importance of the two feedback loops for corti-
of its slower binding, EGTA does not effectively buffer cal excitation.
Ca21 in the microdomain around open Ca21 channels
(Naraghi and Neher, 1997; Neher, 1998). The observation Experimental Procedures
that EGTA was as effective as BAPTA in preventing
Slice Preparationdendritic GABA release could suggest that in dendrites
Brain slices (300 mm thick) were prepared from the somatomotorof bitufted neurons Ca21 channels and release sites are
cortex of 14- to 16-day-old Wistar rats as described previouslynot colocalized, as in the case of release of dense-core
(Markram et al., 1997). Bitufted neurons and pyramidal cells in layer
vesicles (Huang and Neher, 1996; Smith and Augustine, 2/3 were identified by IR±DIC video microscopy.
1988).
Electrophysiology
Comparison with Other CNS Synaptic Connections Simultaneous dual whole-cell voltage and current recordings were
made in the neocortex layer 2/3 from pyramidal cells synapticallyRetrograde signaling has been proposed previously to
connected to bitufted interneurons. Records were sampled at 100occur in synaptic connections that show short- and
ms intervals, digitized, and stored on the hard disk of a MacIntoshlong-term plasticity (reviewed by Fazeli, 1992; Malenka,
computer for offline analysis (Igor Wavemetrics, Lake Oswego, OR).
1994; Alger and Pitler, 1995; Fitzsimonds and Poo, 1998). All experiments were performed at 328C in oxygenated extracellular
Candidate molecules for retrograde messengers are ni- solution. The extracellular solution contained (in mM): 125 NaCl, 2.5
tric oxide and arachidonic acid, both of which can pene- KCl, 25 glucose, 25 NaCO3, 1.25 Na2PO4, 2 CaCl2, and 1 MgCl2. The
pipette solution contained (in mM): 100 K-gluconate, 20 KCl, 4 ATP-trate cell membranes to act directly on intracellular sig-
Mg, 10 Na-phosphocreatine, 0.3 GTP, and 10 HEPES (pH 7.3, 310nal cascades. Glutamate was also suggested to be a
mOsm/l). APs in pyramidal and bitufted neurons were evoked byretrograde messenger in the GABAergic synapses be-
brief (5 or 10 ms) current pulses delivered via the recording pipette.
tween interneurons and Purkinje cells (Glitsch et al., Average data are given as mean 6 SD. Statistical significance
1996) or CA1 pyramidal cells (Morishita et al., 1998). was analyzed by the Student's paired t test.
Dendritic vesicular exocytosis with membrane fusion
has been proposed for hippocampal CA1 pyramidal Dendritic Ca21 Imaging
Neurons were filled via pipettes containing 250 mM fura-2 added toneurons, since botulinum toxin loaded into the postsyn-
the pipette solution. Fluorescence was imaged via a 603 Olympusaptic neuron reduced the level of long-term potentiation
water immersion objective. A monochromatic light source was used(LTP) (Lledo et al., 1998). Most recently, Ca21-dependent
for fluorescence excitation (T. I. L. L. Phototonics, Planegg, Ger-dendritic exocytosis was visualized in cultured hippo-
many). A back-illuminated frame transfer CCD camera (Princeton
campal neurons by fluorescence measurements (Ma- Instruments, Trenton, NJ) was used to acquire ratioed images (356/
letic-Savatic and Malinow, 1998). Vesicular exocytosis 380) from up to eight regions of interests simultaneously at a fre-
quency of 100 Hz.in neuronal somata was suggested by Dan et al. (1994),
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(100 ms duration, separated by 500 ms intervals) to 0 mV applied
from the holding potential. Holding potentials were set equal to the
cell resting potential (268 6 3.5 mV, n 5 20).
Analysis of Presynaptic Failures to Induce EPSP
Data were first analyzed by eyes sweep by sweep. The recordings
were then quantified by means of a computer-aided routine. An
EPSP (or EPSC) sample was created by three component exponen-
tial fits of the average EPSP (EPSC) in a particular experiment. Since
unitary EPSPs (EPSCs) were synchronized with the presynaptic APs,
the program fitted the simulated EPSP (EPSC) to each original
sweep within a 5 ms window beginning at the peak of the AP.
Toxins
Botulinum toxin D (light chain) and the inactive mutant of the same
toxin were a gift from H. Niemann (Institute of Biochemistry, Hanno-
ver, Germany).
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